Abstract: Chiral fullerene-metal hybrids with complete control over the four stereogenic centers, including the absolute configuration of the metal atom, have been synthesized for the first time. The stereochemistry of the four chiral centers formed during [60] fullerene functionalization is the result of both the chiral catalysts employed and the diastereoselective addition of the metal complexes used (iridium, rhodium, or ruthenium). DFT calculations underpin the observed configurational stability at the metal center, which does not undergo an epimerization process.
Preparation of fullerenes in multigram amounts by
Krätschmer et al. in 1990 [1] permitted the study of the reactivity of the new carbon allotropes with transition-metal complexes, which subsequently arose as one of the main fields in fullerene science. [2] To date, interest in fullerene-transitionmetal complexes has been renewed in the search for new applications and synergies arising from the complementary properties of transition metals and fullerenes. [3] Transition metal involvement in organic transformations drives the investigation of new complexes with catalytic activity. In particular, preparative methods for chiral metal complexesspecifically chiral-at-metal complexes-are highly sought after in current organometallic chemistry because of their relevance in enantioselective metal-mediated processes. [4] Despite the wealth of metal-fullerene hybrids reported to date, only a few are optically active. [2, 5] To the best of our knowledge, only a single case presents a stereogenic metal center, [6] while in all examples the chiral information stems from the stoichiometric use of chiral ligands. [7] In this regard, the use of asymmetric organo-and metal-catalysis in fullerene chemistry has provided an easy access to optically active derivatives by precise stereocontrol of the newly formed asymmetric carbon atoms. [8] Conversely, control of the metalcentered chirality is not a trivial issue because of the configurational lability of the metals, which often undergo rapid ligand exchange.
[4]
Herein, we report the first enantioselective synthesis of fullerene hybrids endowed with a stable stereogenic metal center whose configuration can be defined at will by the proper choice of chiral catalyst. In these reactions, iridium, rhodium, and ruthenium pyrrolidino [3,4:1,2] [60]fullerene half-sandwich complexes with four new stereocenters are formed; namely the two C2 and C5 chiral carbon atoms at the pyrrolidine ring, the asymmetric nitrogen atom, and the transition-metal center (Scheme 1). The functionalization and stereochemistry of the chiral fullerene ligand determines the final configuration of the metal center. Interestingly, the chiral metal center does not undergo any epimerization process, as indicated by variable-temperature NMR analysis as well as by DFT theoretical calculations.
The syntheses of the chiral metal-fullerene hybrids were inspired by the preparation of half-sandwich complexes with aminocarboxylate ligands, [9] and take advantage of the full control previously achieved in stereodivergent synthesis of pyrrolidino [60] fullerenes.
[8a,d,e] Thus, the addition of a tBu-aiminoester, endowed with a labile ester moiety for further hydrolysis and complexation, was directed enantioselectively toward each one of the four possible stereoisomeric pyrrolidino [60] fullerenes by selecting the appropriate chiral metal catalyst.
Thus, optically pure cis diastereomer 1(S C2 , S C5 ) was treated with pentamethylcyclopentadienyl (Cp*) iridium dichloride dimer, [Cp*IrCl 2 ] 2 , in a one-pot procedure after ester hydrolysis with a trifluoroacetic acid/dichloromethane (TFA/DCM, 1:4) mixture, affording the iridium half-sandwich fullerene hybrid (S C2 , S C5 , S N , S Ir )-1Ir [10] in 77 % yield (Scheme 2). As a result of the coordination of the pyrrolidino- [60]fullerene carboxylate moiety, two additional stereogenic centers are formed at the pyrrolidine nitrogen atom and at the iridium atom. As inferred from NOE experiments and in analogy with other related systems, [9] the NÀH bond remains in a cis disposition with respect to the C2-H pyrrolidine bond; probably to avoid an unfavorable trans disposition between the two fused five-membered rings. Despite the fact two different configurations can be adopted by the iridium center, a single product is formed. This can be accounted for by the diastereospecific addition of the metal fragment, where its configuration is determined by the chirality of C2 of the pyrrolidine ring, without any loss of optical purity (Supporting Information). Thus, the configuration of the two new stereogenic centers is S, in agreement with the S configuration of the C2 carbon atom. Moreover, in sharp contrast to related complexes based on a prolinate ligand, [8] no evidence of formation of a diastereomeric mixture or epimerization process at the metal center has been found (see proceeding discussion). This behavior is very likely due to the presence of the aryl substituent on the pyrrolidine C5 carbon atom, that gives rise to a favorable interaction with the Cp* group that prevents iridium epimerization. This positive interaction is known as a "b-phenyl effect" because of the aryl substitution at the beta-position of the metal. [11] Furthermore, theoretical calculations underpin this experimental finding, revealing the occurrence of a stabilizing C À H/p interaction between the hydrogen atoms of the pentamethylcyclopentadienyl moiety and the phenyl ring (see proceeding discussion).
As expected, we were also able to obtain the fullerene hybrids with the opposite R configuration at the iridium metal atom using pyrrolidine 1(R C2 , R C5 ) obtained from the catalytic system Ag/(R)-BPE ((R)-BPE: (À)-1,2-bis-((2R,5R)-2,5-diphenylphospholano)ethane). Once again, the formed (R C2 , R C5 , R N , R Ir )-1Ir complex did not undergo any measurable loss of enantiomeric excess or an epimerization process.
Thus, each trans stereoisomer 2(S C2 , R C5 ) and 2(R C2 , S C5 ) (obtained using Cu II /(R) and (S)-DTBM-SEGPHOS, respectively; Supporting Information), was treated with [Cp*IrCl 2 ] 2 after the ester hydrolysis, affording the respective stereoisomers (S C2 , R C5 , S N , S Ir )-2Ir and (R C2 , S C5 , R N , R Ir )-2Ir exclusively (Scheme 3). Both compounds are the epimers at C5 of the aforementioned (S C2 , S C5 , S N , S Ir )-1Ir and (R C2 , R C5 , R N , R Ir )-1Ir isomers, while the remaining three stereogenic centers remain unchanged; the iridium metal atom maintains the same configuration as the C2 pyrrolidine carbon. Once again, it is worth noting the high stability of the stereogenic metal center. Actually, none of the four stereoisomers undergo an epimerization process in a range of temperatures from À30 8C to 908C, as determined by variable-temperature 1 H NMR spectroscopy and a determination of the enantiomeric excesses, which remained unaltered.
The aforementioned synthetic method was also compatible with other transition metals, such as rhodium and ruthenium, affording chiral hybrids with complete stereocontrol ( Figure 1) . While rhodium complexes, 1Rh, have been Scheme 2. Preparation of half-sandwich [60] fullerene complexes with a stable iridium-centered chirality. isolated only from the cis pyrrolidine, Ru-pyrrolidino- [60] fullerene hybrids 1Ru and 2Ru, endowed with a p-cymene group, were obtained in good yields (45-83 %) and excellent stereoselectivities after reaction with [(h 6 -cymene)RuCl 2 ] 2 ( Figure 1) .
DFT calculations at the dispersion corrected RI-BP86-D3/def2-SVP level [12] were carried out to gain more insight into the configurational stability of the metal centers and the observed stereochemical outcome. To this end, we first focused on the two possible stereoisomers of 1Ir, namely the observed (S C2 , S C5 , S N , S Ir )-1Ir species and its transition metal epimer (S C2 , S C5 , S N , R Ir )-1Ir.
Our calculations indicate that the former isomer is 8.7 kcal mol À1 more stable than the latter (Figure 2, top) . A similar result was found when considering the strongly related 1Ru-isomers. In this case, the solely formed (S C2 , S C5 , S N , S Ru )-1Ru compound was computed to be 14.5 kcal mol À1 more stable than (S C2 , S C5 , S N , R Ru )-1Ru (Figure 2, bottom) . Both results are fully consistent with the observed diastereoselectivity and with the aforementioned lack of epimerization at the transition-metal fragment.
Two main reasons are responsible for the much higher computed stability of (S C2 , S C5 , S N , S Ir )-1Ir or (S C2 , S C5 , S N , S Ru )-1Ru stereoisomers. On one hand, the less stable isomers are affected by a strong repulsive interaction between the lone pair of the chloride ligand and the p-electrons of the adjacent phenyl ring, which is not present in the S Ir or S Ru isomers. Indeed, the computed Cl···p-centroid distances of 3.35 and 3.38 for R Ir and R Ru , respectively, are shorter than the sum of the van der Waals radii of the involved atoms (Cl = 1.75 , phenyl group = 1.7 ).
On the other hand, there is a stabilizing CH-p interaction established between two methyl groups of the Cp* ligand and the adjacent phenyl substituent at C5 in the more stable (S C2 , S C5 , S N , S Ir )-1Ir isomer. The computed shortest CH···p-centroid distance of 2.54 fits nicely in the typical range reported for this type of non-covalent interaction. [13] A similar CH-p interaction is found in the analogous (S C2 , S C5 , S N , R Ru )-1Ru species. The occurrence of this stabilizing interaction (that is, the b-phenyl effect described in the aforementioned text), which can only occur in the S-metal isomers, can be easily visualized by means of the NCIPLOT method. [14] As clearly shown in Figure 3 a, there is a non-covalent attractive interaction (green surface) between the methyl groups of the Cp* ligand and the adjacent phenyl ring. The presence of these CH···p interactions is also confirmed by the AIM method, [15] which locates two bond-critical points associated with bond paths running between the involved hydrogen and carbon atoms (Figure 3 b) . Therefore, the combination of these lone pair (Cl)-p and CH-p interactions is partially responsible for the computed energy differences between the considered stereoisomers.
In summary, we have carried out straightforward syntheses of a new family of chiral fullerene-metal hybrids for the first time-namely, iridium, rhodium, and ruthenium pyrrol idino [3,4:1,2] [60]fullerene half-sandwich complexes-with complete control over the four new stereogenic centers, including the metal atom. Stereodivergent-at-metal synthesis is based on enantioselective synthesis of suitably functionalized pyrrolidino- [60] fullerenes and further diastereoselective addition of metal complexes, leading to half-sandwich complexes with fulleroaminocarboxylate chiral ligands. Interestingly, the stereochemical outcome of the four chiral centers stems from the chiral catalysts employed and the diastereoselective addition of the metal complexes used (iridium, rhodium, or ruthenium). The observed lack of epimerization processes in the metal complexes has been rationalized by means of DFT calculations, which reveal the presence of a repulsive interaction between the lone pair of the chloride ligand and the p-electrons of the adjacent phenyl ring, as well as a stabilizing CH-p interaction (b-phenyl effect) between two methyl groups of the Cp* ligand and the adjacent phenyl substituent at C5 occurring in the S-metal isomers.
Stereodivergent control in fullerene derivatives endowed with a chiral metal atom represents new progress in facile preparative procedures for chiral fullerenes. The findings pave the way toward application of these new fullerene-metal hybrid systems, which are of interest in their own right but are also potential catalysts for a variety of (stereo)chemical reactions.
